Several problems limit the application of gene transfer to correct the cystic fibrosis (CF) Cl -transport defect in airway epithelia. These include inefficient transduction with vectors applied to the apical surface, a low rate of division by airway epithelial cells, failure of transgene expression to persist, and immune responses to vectors or vector-encoded proteins. To address these issues, we used a feline immunodeficiency virus-based (FIV-based) vector. FIV vector formulated with a calcium chelator transduced fully differentiated, nondividing human airway epithelia when applied to the apical surface. FIV-based vector encoding the cystic fibrosis transmembrane conductance regulator cDNA corrected the Cl -transport defect in differentiated CF airway epithelia for the life of the culture (>3 months). When this approach was applied in vivo, FIV vector expressing β-galactosidase transduced 1-14% of adult rabbit airway epithelia. Transduced cells were present in the conducting airways, bronchioles, and alveoli. Importantly, gene expression persisted, and cells with progenitor capacity were targeted. FIV-based lentiviral vectors may be useful for the treatment of genetic lung diseases such as CF.
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consist of an FIV packaging construct with a deletion in the env gene and mutations in vif and orf2, an FIV vector construct expressing either cytoplasmic Escherichia coli β-galactosidase or cystic fibrosis transmembrane conductance regulator (CFTR) genes, and an envelope plasmid in which the human cytomegalovirus (CMV) early gene promoter directs transcription of the vesicular stomatitis virus G protein (VSV-G). In the vector constructs, the CMV promoter directs β-galactosidase expression (FIV-βgal), whereas the MuLV long terminal repeat promoter directs CFTR expression (FIV-CFTR) (19) .
VSV-G-pseudotyped FIV vector particles were generated by transient transfection of plasmid DNA into 293T cells as described previously (15) . Each FIV-βgal preparation was titered on NIH 3T3 cells by limiting dilutions; final titers of approximately 5 × 10 7 to 5 × 10 9 CFU/mL were obtained. To titer the FIV-CFTR vector, a PCRbased assay system was developed. HT-1080 target cells were transduced with serial dilutions of crude or processed FIV vector preparations in the presence of 4 µg/mL hexadimethrine bromide (Sigma Chemical Co.). Twentyfour hours later, media were changed and cells were cultured for an additional 24-48 hours. The samples were washed with 1X PBS, and incubated with 2.5 mL of lysis buffer (100 mM Tris [pH 8], 5 mM EDTA, 0.2% SDS, 100 mM NaCl, and 100 µg/mL proteinase K [QIAGEN Inc., Valencia, California, USA]) at 37°C for 2 hours, and the DNA was precipitated. DNA pellets were washed with 70% ethanol and resuspended in 500 µL TE buffer, and total genomic DNA was quantified by staining with Hoechst dye H33258 and compared directly against calf thymus DNA standards using the CytoFluor II fluorometer (PerSeptive Biosystems, Framingham, Massachusetts, USA). A total of 100 ng of each genomic DNA sample was subjected to automated PCR (50 µL volume) using a PE ABI Prism 7700 system (Perkin-Elmer Corp., Norwalk, Connecticut, USA) and a synthetic oligonucleotide primer set directed against FIV packaging signal sequences, yielding an 80-bp product. The resulting fluorescence was detected, and provector copy number titer was expressed as transduction units per milliliter (TU/mL). Titers of 9.7 × 10 8 to 4.6 × 10 9 TU/mL were obtained in 2 preparations.
Gene transfer
In vitro. To transduce differentiated human epithelia, the FIV vector was mixed with cell culture medium to a final volume of 100 µL (∼10 moi). This mixture was applied to either the apical surface or the basal surface as described previously (9) . To enhance transduction from the apical surface, vector was mixed at a 1:1 (vol/vol) ratio with 12 mM EGTA HEPES/saline solution (pH 7.3) and applied apically for 4 hours as reported previously for MuLV vectors (9) . Polybrene (8 µg/mL) was included in the transduction solutions.
To study the persistence of recombinant FIV-mediated correction of CFTR Cl -current, results were compared with recombinant adenovirus. We previously reported that adenovirus infects human airway epithelia through the basolateral side by a fiber-dependent mechanism (20) . Ad2/CFTR-16 (50 moi) (21) was applied in a 25-µL volume to the bottom of the epithelia. After 30 minutes, the epithelia were rinsed and returned to the culture dish. Epithelia were studied at intervals for the life of the culture (90-180 days).
A control experiment was performed to rule out protein transfer or pseudotransduction as reported for concentrated AAV and retroviral vectors (22, 23) . When applying the FIV-βgal vector/EGTA solution to the apical surface, cells were treated with AZT to inhibit the retroviral RT. AZT-treated cells showed no significant expression of vector-encoded product (not shown), confirming that FIV-vector transduction under these experimental conditions was not due to protein transfer.
In vivo. For tracheal gene transfer, adult New Zealand white rabbits were anesthetized with 32 mg/kg ketamine, 5.1 mg/kg xylazine, and 0.8 mg/kg acepromazine intramuscularly; a ventral midline incision was made; and a tracheotomy was performed. An approximately 1.5-cm tracheal segment cepha- lad to the tracheotomy was isolated and cannulated on each end with PE 330 tubing (Becton Dickinson, Parsippany, New Jersey, USA). The tracheal segment was rinsed and then filled with a solution of 12 mM EGTA in 10 mM HEPES buffer (pH 7.4, "hypotonic buffer") for 30-60 minutes. The EGTA solution was then replaced with 300 µL of FIV-βgal vector (titer 1 × 10 8 to 5 × 10 8 CFU/mL). The vector solution was left in place for 45 minutes, and then the cannulae were removed and the incisions closed. Five days or 6 weeks later, the tissues studied for β-galactosidase expression. For lower airway gene transfer, a PE50 catheter passed via the trachea until it lodged in a subsegmental bronchus. A total of 200-600 µL of FIVβgal formulated in hypotonic buffer with 6 mm EGTA was instilled. Five days later, the tissues were studied for β-galactosidase expression.
Tissue histochemistry β-galactosidase expression. Epithelial cells were fixed and X-gal stained as reported elsewhere (9, 24) . Epithelia counterstained with DAPI were examined microscopically en face for β-galactosidase expression. The percentage of β-galactosidase-positive cells was determined by counting a minimum of 1,000 cells from representative en face views of each treated epithelia.
Rabbit tissues were fixed in 2% paraformaldehyde/PBS overnight, X-gal stained, and embedded in paraffin, and sections were cut for histological examination (24) . Sections were counterstained with nuclear fast red or hematoxylin and eosin. To determine the percentage of β-galactosidase-expressing cells in each 1.5-to 2-cm tracheal specimen, serial sections were cut every 20 µm, and ≥ 50 slides were examined. To quantify gene transfer to lower airways, the blue tissue areas of the Xgal-stained lungs (see Figure 4a ) were dissected and embedded in paraffin, and serial sections cut at 40-µm intervals. The percentage of β-galactosidase-positive cells in lower airway tissues was quantified by cell counting. β-galactosidase-expressing cells were categorized by the size of the airway in which expression was noted (>750 µm, 500-750 µm, 250-500 µm, 0-250 µm) using a calibrated eyepiece reticle.
To identify the cell types expressing β-galactosidase, standard morphologic criteria were used. Transgene-express- Measurement of transepithelial CFTR Clcurrent. To measure transepithelial bioelectric properties, epithelia were mounted in Ussing chambers and studied 3, 13, 30, 60, 90, and 180 days after gene transfer as described previously (17) . The cAMP-stimulated Isc (Isc (IBMX/Forsk) ) is the increase in current after basolateral addition of cAMP agonists (10 µM forskolin plus 100 µM 3-isobutyl 1-methylxanthine [IBMX]) in the presence of 10 µM amiloride. Data from each experiment were normalized to the mean Isc (IBMX/Forsk) seen 3 days after transduction. CF airway epithelia were genotyped and were compound heterozygotes for the ∆F508 mutation (∆F508/-, ∆F508/1717-1G→A).
Results
FIV vectors transduce nondividing airway epithelia in vitro.
On the basis of previous literature (25, 26) as well as our own studies with MuLV (9, 11), we suspected that the receptors for VSV-G-pseudotyped FIV vectors were only expressed on the basolateral surface of airway epithelia. Indeed, when VSV-G-pseudotyped FIV-βgal was applied to the apical surface, no gene transfer occurred (Figure 1a) . In contrast, FIVβgal applied to the basolateral surface transduced the epithelia (Figure 1b) . We hypothesized that if epithelial junctions were opened, FIV vector particles would have a better chance to interact with cell-surface receptors and gain entry when applied apically. Scratching the epithelial sheet with a pipette tip before applying vector to the apical surface enhanced gene transfer only in areas where the cells were mechanically disrupted ( Figure  1c) . Thus, if receptors were made accessible, gene transfer was achieved with VSV-G-pseudotyped FIV vectors.
To demonstrate that FIV vectors transduce nondividing epithelia, we performed experiments in the pres- ence or absence of aphidicolininduced growth arrest (12, 14) . As we found previously that calcium chelation with EGTA and hypotonic solutions disrupted epithelial junctions and facilitated gene transfer with apically applied MuLV vectors (9), a similar approach was used with the FIV vector. Formulation of FIV-βgal with 6 mM EGTA in a hypotonic buffer (∼10 moi) greatly increased gene transfer from the apical surface (Figure 1d ). Approximately 17% of epithelia growth-arrested with aphidicolin were transgene positive 3 days after transduction, whereas approximately 20% of epithelia in control media were transduced ( Figure 1, d and e) . Previous studies showed that approximately 7% of cells are proliferating in this model as assayed by BrdU histochemistry (9) . The EGTA solution alone had no effect on cell proliferation as assayed by BrdU histochemistry (data not shown). Thus, when allowed access to receptors, FIV vectors effectively transduced nondividing epithelia. FIV vectors coding for CFTR persistently correct the CF Cl -transport defect. On the basis of the results in normal human airway epithelia, we hypothesized that recombinant FIV vectors expressing CFTR would complement the Cltransport defect in well-differentiated CF epithelia. For these studies, we used primary organotypic cultures of human airway epithelia from patients with CF, for the following reasons. Primary cultures of differentiated human CF airway epithelia recapitulate several important aspects of in vivo airway epithelial biology and CF disease. Cells cultured in this fashion morphologically resemble the human airways in vivo (17, 18) . Similar to the in vivo human airways, they are relatively resistant to transduction by both viral and nonviral vectors applied to the apical surface (9, 17, 27, 28) . They manifest the electrolyte and liquid transport defects characteristic of CF (18, 29) . Importantly, unlike the long-term survival and minimal evidence of lung disease reported for CFTR-null mice or mice with specific human CFTR mutations (30) (31) (32) (33) (34) (35) , cultured human CF epithelia show an increased susceptibility to bacterial infection (36) .
Tracheal epithelia were transduced in vitro from the apical surface with FIV-CFTR. Correction of the CFTR Cl -transport defect was assayed by measuring the change in short-circuit current in response to cAMP agonists (∆Isc (IBMX/Forsk) ), from 3 days to 6 months after gene transfer (Figure 2 ). CF epithelia transduced with FIV-CFTR or adenovirus expressing CFTR uniformly demonstrated Cl -secretion in response to cAMP agonists, whereas control cells treated with FIV-βgal showed no response (Figure 2a) . The Cl -secretory responses in the corrected cells (Figure 2 , a and b) were similar to those measured in normal airway epithelia (Figure 2, a and b) . In cells transduced with adenovirus, ∆Isc (IBMX/Forsk) gradually declined over time. In contrast, the net ∆Isc (IBMX/Forsk) in FIV transduced cells remained stable (Figure 2b) . In 1 FIV-CFTR-transduced culture that remained viable for 6 months, cAMPactivated Cl -current persisted at similar levels as day 3 (Figure 2b) .
FIV vectors transduce airway epithelia in vivo. FIV vectors might also effectively transduce airway epithelia in vivo if VSV-G receptors were accessible. We used a similar protocol of epithelial junction disruption to test FIV vectors in vivo. After EGTA pretreatment, FIVβgal vector was applied to the luminal surface of the trachea in adult rabbits. Five days later, the tissues were removed and studied for β-galactosidase expression. As shown in Figure 3 , a-e, cells throughout the epithelium expressed the transgene. The transduction efficiency was 4.8 ± 5.6% (mean ± SEM; range: 1-14%; n = 4). The treated epithelia appeared intact, without evidence of injury or inflammatory cell infiltrates. Of note, basal cells, intermediate cells, and both ciliated and nonciliated surface cells expressed β-galactosidase (Figure 3 , b-e). Previous studies in several species showed that the mitotic labeling indices for cells other than basal cells are very low (<1%) in adult airway epithelia (37) . While these data suggest
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The Journal of Clinical Investigation | Volume 104 that FIV vectors transduce both dividing and nondividing airway cells in vivo, we cannot rule out the possibility that EGTA/hypotonic treatment stimulated some stationary-phase cells to divide. In the absence of EGTA formulation, there was no gene transfer (data not shown). CF lung disease begins in the small airways. To target the intrapulmonary airways, a small catheter was passed transtracheally into the peripheral airways, and hypotonic/EGTA formulated FIV-βgal vector was instilled. This approach allowed the vector solution to be concentrated within a relatively small area. As shown in Figure 4 , a-e, we uniformly noted focal areas of gene transfer in the lung 5 days later. When serial sections of tissue were studied, epithelia expressing βgalactosidase were noted throughout the segment where virus was instilled, from cartilaginous bronchi with diameters greater than 750 µm out to the alveoli (Figure 4, b-e) . The percentage of transgene-expressing cells across all airway sizes was 4.9 ± 2.2 % (mean ± SEM; range: 2.6-10.3%; n = 12). β-galactosidase expression occurred more frequently in the smaller airways than the larger airways, as might be expected with the method of vector introduction (Figure 4g) . Importantly, the morphology of the transduced airway epithelia appeared normal, and all cell types of the lower airways were transduced, including proposed progenitors such as basal cells, nonciliated surface cells (Clara cells), and alveolar type II cells. Vector instillation without the EGTA formulation resulted in no significant gene transfer (not shown).
FIV gene transfer to airway epithelia persists in vivo. Animals treated with FIVβgal vector intratracheally were evaluated 6 weeks after gene transfer for persistence of gene expression. In contrast to the results at day 5 ( Figure 3 , a-e), larger clusters of β-galactosidase-positive cells were noted on both the en face views and the cross sections of the trachea (Figure 5 ), suggesting that targeted cells clonally expanded over time. As shown in Figure 5 , we noted β-galactosidase-expressing cells throughout the epithelium. The percentage of β-galactosidase-expressing cells was 2.5 ± 2% (mean ± SEM; range: 0.4-5.4%; n = 4). When compared with the level of expression at 5 days ( Figure  3 ), this change was not significant (P = 0.5 by t test). Transduced cell types included basal cells, nonciliated surface cells, ciliated surface cells, cells containing mucus granules, intermediate cells, and rarely, epithelia of submucosal glands. As noted at the 5-day time point, the epithelial morphology appeared normal.
Discussion
For CF lung disease to be treated by gene therapy, there must be lasting correction of defective Cl -transport. In these studies, we make significant progress in addressing several fundamental limitations for gene transfer to airway epithelia. A shortcoming of most current vectors is their inability to effectively transduce airway epithelia when applied to the apical surface. The native receptors for many recombinant viruses are distributed on the basolateral cell surface of polarized cells. Previous investigators noted that VSV-G pseudotyped HIV lentivirus (13) and MuLV (10) inefficiently transduced differentiated airway epithelia in vivo. We (9, 11) and others (38) precedence for such a polarity of gene transfer to airway epithelia with other delivery systems including AAV (28, 39) and adenovirus vectors (20, 40) as well as cationic lipids (41) . Although VSV-G-pseudotyped FIV transduced cells poorly from the apical surface, this limitation was overcome using hypotonic/EGTA vector formulation to transiently open epithelial junctions (42) (43) (44) . Under these conditions, cells throughout the epithelium were transduced in vitro and in vivo, and the CFTR Cl -transport defect was corrected in vitro. The transduction efficiency of FIV vectors formulated with EGTA is within the range of 6-10% believed sufficient to correct the CF defect (45) . Although this work focused on a single vector dose administration, it is possible that lentiviral vectors may be readministered with minimal immune responses and further increase the number of permanently corrected cells (46) . This vector formulation method represents a technical advance for vector administration to polarized epithelia in vivo. To translate such a result to patients, epithelial junctions in the human lung could be transiently opened pharmacologically to facilitate vector access to receptors. Aerosol studies in humans show that it is technically feasible to transiently expose the airway epithelium to hypotonic conditions (H 2 O aerosol) (47) or calcium chelators (EDTA aerosol) (48) . In addition, pulmonary lavage under anesthesia might be developed to deliver vector solutions to the human airways. Such whole lung lavage procedures are currently used clinically to treat patients with alveolar proteinosis (49) . With current integrating vectors, a lavage approach may be required to facilitate access to receptors on airway progenitor cells, as some of these cell types reside below the mucosal surface (e.g., basal cells, intermediate cells) (50) (51) (52) (53) (54) .
A further encouraging result of this work was the normal morphology of the airway tissues after gene transfer. There was no evidence of cellular infiltration with immune effector cells when the rabbit airways were examined at the level of light microscopy ( Figures 3, 4 , and 5). Although this does not eliminate the possibility of any immune response, it contrasts with the cellular responses noted with adenoviral vectors (24, (55) (56) (57) FIV vectors corrected the CFTR defect in vitro for the life of the culture. The failure of adenoviral-mediated CFTR correction to persist reflects both the lack of integration and the gradual loss and dilution of expressing cells by cell division. The persistence of CFTR correction in the FIV vectortransduced cells indicates successful targeting of cells with progenitor capacity. FIV-transduced epithelia also persisted in the trachea in vivo. There are several possible explanations for the small decline in gene expression we noted in the trachea between 5 days and 6 weeks. These include immune responses to the transgene, transcriptional shut off of the CMV promoter, loss of terminally differentiated cells that are targeted (i.e., ciliated cells), and variability related to the effective moi achieved in each animal. Future studies will evaluate these possibilities.
To our knowledge, this is the first evidence of in vivo transduction of airway epithelia with a lentiviral vector. As reported with HIV-based lentiviral vectors (12, 13, 46) or equine infectious anemia virus (EIAV) vectors (59) , the present studies show that recombinant FIV vectors transduce nondividing cells in vitro. This is an important finding, as the majority of airway
R60
The Journal of Clinical Investigation | Volume 104 epithelia are mitotically quiescent in the postnatal airways (60) (61) (62) (50) (51) (52) 54) . Integration of the proviral DNA into the host cell chromosome should allow the persistent expression of a therapeutic gene such as CFTR. These studies provide a strong rationale for a vector delivery approach that may be used for the treatment of genetic lung diseases.
